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A NUMFRICAL ANALYSIS OF HYSTERESIE AND EDUY CURRENT LOSSES m

IN S0LID CYLINDRICAL RODS OF #1010 STEEL*

M. D. Abrams *% V. K. Cillott #w
Member IEEE Member IFEE

INTRODUCTION

Recent studies by the authors of this paper concerning Flux Penetration in
Ferromagnetic Material +233 have led to the development. of a computerized procedure
for determining the intensity and phase of megnetic field penetration into ferrcmagnetic
materials of various geometries, The present paper extends this prior work to the
specific analysis of losses in a cylindrleal rod of #1010 steel; th2 basic procedure
and theory, however, ere generally sppiicable to ull iscotropic ferrcmesnetic materials.
The data used ip this procedure are obtained directly from the actual magnetization
curve and major hysteresis loop of the material under study. It is believed that the
procedure described herein represents a major contribution tc the siterature of loss
analysis.

THEORETICAL BACKGROUND

As shown in reference (2), when a cylindrical rod of radius a is subjected to a
gnown magnetic field intensity axially directed at its surface, H,(a,t), the finite-
difference relationship between magnetic induction, B,(r,t), and magnetiz field iniensity,
Hz(r,t), es a functior of distance (radius) and time, is given by
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where 0 is the resistivity of the material, k and At are the time incremenis, L andi 4:
are the space incrementg, i is the space index, J is the time index, and r is the radius
corresponding te space index 1. Note that the factor of 0.4 vin equation (1) arises from
the choice of c.z... units., Equation (1) is written in terms of Ilux density and magrotic
field Intencity. The relstionship between these quantitles is implicit and §3 suppiied

Y0 tre computer as data describing the magnetic characteristics of the matorial.

Aersuming the boundary and initial conditions

B (5,0) = O (2)

B, (s,2) = known driving function (3)

M (z,t)
(r

1 4 =0 (h)
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en iterative procedure is implementea to determine B,(r,t). It should be noted thut
in this procedure, B, and are related, not by a iinsar or other cloged-form
mathematical approximation, btut by the data points describing the D.C. hysteresis
irop of the materisl being considared.

*DDY CURRENT LOSSES

When Ampere's Circuital Law is applied to the patk 1,2,3,4,1 of Figure i, equaticn
() is obtained,

S e 0k waytrn (

where Jg(r,t) ie the current density es a function of space end tiwe. The time sversge
squared current is then:

]
art

-....—.?..._.‘-. ‘ » 2
3, {1) z'% f Jg (ret)de (6)
or, in difference terna,
2.0 1% 35063
Yo 1) = 3 . (7)

Next, the power density may e writlten as

—5—
[ e .
where wé is in uniis of watt ua"3, 1 J 18 in cmp tﬁm‘a and p 18 in ohm cm.

If the spree indexing i8 so arranged thng 1=2 corresponds to r=0, then one
ol serveg tnat

- "1'5) A 3
T (‘ 1' (9)

is the mesn radius of the segment between r and r+ Ar. Bquation (8) may now bs employed
to dstermine .he power per unit length of rod by multiplying equation (8) by an element

of area in a z=constsnc plane. With reference to Figure 1, one will note that the dealred
element of area is

di =~ x dr dy . (20)

{n aifference notation, when the gziﬁxtm tn;le Yis allowed to vary over cme revolution,
equation (9) may be epplied to squation (10) to yield

s = 3(0-1.5)(88)° - . (11;

Tor puwer per unit length, W_, 1s thus

D

3
y = 2-p(bt)2§(t-l-5)la @ . (12)
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HYSTERESIS TOSSES

The energy losz per hysteresis loop eycle is
Energy - ; B dH (l%)
Power loss in watts, employing c.g.s. magnetic units, is

Wy = _ £ éBan ,
4n x 107 (14)

where f is the frejuency in cycles sec'J » B 18 the flux density in gaues, L is the
magnetic intensity ir ocersteds and W%‘is power loss in the wstt cm~3, Casting equation
(14) in difference fom yields '

wid) « _ _f 8H(1) 4B, (1)

S — L

where the sum-product, AH(i) XE)(i), represents the area of the hycteresis loor mumerically
analyzed. If cquation (15} is row multiplied by equation (11) the hysteoresis los: at a
given depth, i, wper unit lqngth cf rod ic obtained;

o2 "
WLCL) - 33’-‘-1-“4-%1-(1?)— rAH(i)InA(i)i .
: 4rx 10 |

The total power loss due t0 hysteresis is the sum of t=rms of the type given in equatinon .
(16), with the surface (i=19) and the center (i=2) of the cylinder weighted one half to )
account for their reducsd area:

(in)

18
W= 2f 11/2]  (1-1.5) aH(1)JAB, €1) + [ (1-1.5)ar(1)fsB. (1) . 17
Yool 1e2.19 x A {3 { A (47)

The evaluation of the sum, AH{i)J4B (i), is interesting and worthy of elaboration:
The hysteresls loops descriding B-H variat%on at each space point in the material are
storéd in the memory of the digital computer as a result of the procedure discussed below.
If one consider: the marximum, Hgax(i)’ and She minimum Hp;,(4), extremities of magnetization
at each space point, s R(i) may be simply defined as

AH(1) = uh.x(t)—qm!n(l) /100 (18)

where the factor 100 has been arbitra}ily selected. It might Le noted that on the major,
saturated, hysteresis loop

AR{L) = 28 / 100 ’
c (19)

wvhere H, is known as the coercive field.

Since the procedure described below for the determination of the hysteresis loops
yields only the left side of the hysteresis curve, which is sssumed to be centrally
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symmetric, it will be cbs.rved th: the M (1) ecrresvondirg to ezch aJN(i) may be
svalureen us the siw ol tie B (1) corresponding to -H(3 ) i as ilivsurated in
Figure 2. ihasg, the avea ol vhe Jystecesig loop is evalue! 27 os

Area = SH(1)]AB (1) .
A (29)

DETERMINATION OF MINOR HYSTERESI: LOOPS

The determination of minor hysteresis loops is necessary because tie maximum
flux density decreases with depth into ihe material and it is importan: to develop a
procedure for determining on which hysteresis loop such a variatior. is occurring. The
loop on which variation is taking place is a member of a family consisting of 8 very
large number of minor loops.

The authors, therefore, have derived a relationship which is an extunsion of the
one developed in references (2) and (4), which, when solved by a digital computer, makes
it possible to obtain the data points describing any minor hysteresis loop frum the given
deta of the dc major saturated hysteresis loop and the dc magnetization curve. This data
provides the double valuecd relationship between flux density and maghetic intensity used
implicitly in the finite difference equations.

In thisg development, it is assumed that the dc magnetization curve is the loci of
the vertices of the nested symmetrical minor hysteresis loops. When an .initielly
demagnetized sample is subjected to an applied magnetic field, the B-H relationzhip in
the material is assumed to be described by the normal magnetization curve, curve A of
Figure 3. until a local maximum is reached. When the amplitude of the applied magnetic
field begins to decrease, the B-H relationship in the material is no longer described ty
the normal magnetization curve, but rather by one of the family of hysteresis loops. If
the local maximum, point I of Figure 3, is equal to or greater than the saturation flux
Gensity, the hysteresis loop described will be the major saturated hysteresis loop; curve
B of Figure 3. If the local maximum is less than the saturation flux density, point TI
of Figure 3, the hysteresis loop described will be one of the nested minor hysteresis
loops. For cases vhere the local maximm, point II of Figure 3, is less than 0.0l of
the saturation flux denaity the minor hysteresis loop will be represented by the normal
magnetization curve; the folowing procedure, therefore, will be bypassed. This ;
approximation is employed to speed up computer time without sacrificing uccuracy.’

The method by which any of these minor hysteresis loops is determined using known
data describing the major saturated hysteresis loop and the dec nagnet.ization curve is
described below with reference to Figure 3

In Figure 3, point II, on the noml magnetization curve (A), represenis a locsl
naximum less than the saturation flux density. The first step in the procedure is to
locate point II* which is centrally symmetric with respect %o point 1I. Having located —
point II* the next step is to scale the left curve of the major hysteresis loop horizontally
so that it passes through point II¥. This curve is represented by the dashed lines, curve
D. The hori .untally scaled major hysteresis curve is then scaled vertically with respect
to point [I* so that it passes through point II* anc its centrally symmetric poiat, II.

The resultant curve, curve E, represents the left half of the desirod ninor Uste egis loop.
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CALCULATIONS AND TESTS .I‘

Actual computer calculations were carried out on the University of Prttsbuigh's
IBM 7090 digitzl computer. Quantities computed included flux density, eddy current
density and hysteresis loss intensity at various depths in the rod, total =ddy current
loss, end total hysteresis loss. A number of reliable tests were needed to provide
checks on the theoretical work. A 5/8 inch round rod of #1010 steel was shaped into
a 11-7/16 inch average diameter ring, welded, and annealed to form a homogeneous
continuous magnetic path, A primary or driving winding was wound on the ring and excited
by a sinusoidal 60 ¢.p.s. source; tests were conducted with the device in an oil bath |
Yo meke certain that the temperature of the specimen was known and remained rearly constant,

Test results are compared in Figure 4, not only with the calculati~.s made by the
procedures set forth in this paper, but also with Gillott'’s previous work! which neglected
hysteresis phenomena, The regder will note that when hysteresis is conaidered that the
eddy current portion of the logses decreases, but the total calculated losses increases
to more closely match the experimentally determined total losses.

The calculiated values of eddy current loss, hysteresis loss, and total core loss
are given below for three values of applied magnetic field intensity.

Hmax(a,t) Pe Ph P&
(oersteds) (watts) (watts) (watts)
20 9.60 5.32 14,92
50 4g.ik 6.78 55.92
60 68.34 7.10 7544 »

SUMMARY ARD CONCIUSIONS

The equation and resulis presented in this paper are for a cylindrical red
subjected to a sinusoidally varying 60 cycles per second magnetic field. The basic
equations, however, were developed for sclid ferromagnetic plates and cylinderse, and
the computer procedure is applicable to both periodic and non-periodic driving functions.

Tc trhe authors' knowledge, this represents e unique procedure for accurately
calculating eddy current losses and hysteresis losses in ferromagnetic materials. Some
of the engineering applications of this work are the losses in end plates, through bolts
and finger plates ot rotating machines; losses in solid irom rotors of turbine generators,

w some rotating induction machines, and eddy current brakes. Stationary electrical equip~-
% ment for the heating of billets, electrical furnaces, and equipment for certain heat
'* reating processes suggest further applications for the results of this present paper.

r

APPENDIX: COMPUTER PROGRAM

Language: MAD (Michigan Algorithmic Decoder)

Cemputer: IBM T090
Monitor: ‘' University of Michigan Executive System
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EJATA, HDATA

BMAJ

B PREV(I)
BREF, HREF
BTRANS, HTRANS
BVInG, HVIRG

CLYCK ¢
CPN

CPNVG
DELTA B(T)
DELTA H(I)
DELTA R
FLAG

GL
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H(T)

HMALS
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J(1)
de(r)
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Desceripl.ion
o ——— ettt e e apt.

B(i,J)
B one cynle previous
(used in STATE).

Data set describirg left side
of major saturated hysteresis
loop.

Vertical transfation reference
in DETL.

B(i)J'l)
Local maximum in DETL.
Scaled curve in DETL.

Deta set describing virgin
magnetization curve.

Starting time of program.

(at) o108
0.4n(Ar)?
Steady state factor

aB(i)
aH(i)

4r

Steady state determination index.

Index in TERPP.
Index in TERP).

H(i,J)

Horizontal translation reference

point in DETL.
i(space indox)
Jé(rpt)

2
Je (r,t)
"Ordering index on XCAL, YCAL.

limits on integration of hysteresic

loop.
Count index on XCA{,, YCAL.
wg (i)
W)



Variable Name

Q

QR

RHp

SUM DEL(1)
T

T@T EDY
TPT HYS
THT PWR
XCAL, YCAL

XIR(T)
X PPINT

7

ad

Function

ABS. X
-ANI.

CLECK.

co8.(x)
DETL.

DPURLE.
.E.
F TRAP.

Deseription

index in TFiP@.
Ordering index in TERPP.
p X 108

I oy (1)

List of B-H points currently
in use at a space point.

H(e,J)

H value used in integrating
hysteresis loop.

List used in TERPY.
Final cycle index.

Descra Etion

i
(Logical).

Reads the time clock atteched
to the computer.

cosine(x)

Procedure to determine on which
hysteresis loop variation is occuring.

Loading procedure.

Converts an underflow to gero.

Initintes error sequence in monitor.

?
<

(Logical) +
Determines w!, WH and Hr

Tests for steady state by comparing

B values one cycle apart.
Returns control to monitor.
Linear interpolation function.

N £




R
Remark., :

vtatenent nuxber(s) Comment 2

001,089 Indicates running time of program

0l2-01Y Check 1f convergence criterie i3
met

022-024 Toading of H{a,t)

005-0:8 initlalizing all space points Lo
virgin magnetization curve

079,030 Begins procedure

039,042 Tests if 7rRPP. has modi’ied XCAL,
YCAL

034,050 Tests proper B-H relationship

GOl Prints output at steady state check
pointsg

062 ¥Y-inls complete output during last
cyeaa

101 Jaz{i) is implacitly derermincd

101 p = RH@ x 10-8

100-112 Evaluation of AK(4'}aB, (4)

155-163 Restoration cf vi-sln magnetization
curve

215 " Zero wilth hyste:;..:s loop when local

maximum is £14)°
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LERCs COMPILE MAD, PUNCH UBJECT, EXECUTE, Cump

MALU (24 SEP 1964 VERSION) PROGRAM LISTING oo eee oee

INX

VIRGIN

Lcap

W o

FIND M2

CLOCK O =CLOCK.(D)

PRINT COMMENT $1 TOTAL LOSSES IN CYLINCRICAL RODS

F TRAP.

INTEGER Kol yToNyMo2oll,CLUCK..CLOCK C,FLAG

DIMENSICON M{44),L(19)BPREVIIG) MILC)JI19),
YCAL{19260) g XCAL(19¢6C),BOATAI44) JHCATALGSG) ,
SVIRGI(3IJ) ¢HVIRGIIC) yXINI363),8{19),8 CK(4),

090}
si22
o3
elCe
*0J5
025
‘8005

J SQt19),PwR EDY{19),CELTA M(19',SUM DEL{19),PWR HYS(19)

READ AND PRINT DATA

2006

READ FORMAT INPUT, (K<2419KeG.20,8YVIRCIK)} HVIRGINXY) +C7
READ FURMAT INPUT s (K32,14Keho44,308T0{X)},hlATA{K)) LI 1YY
VECTUR VALUES INPUT=s 2F12.4e 4035y
OELTA R+= RADIUS/1T. «013
P123.1415926 ell
NHENEVER (RHO®{)1.2CO5.(PI/(36.20ELTA R) )Vt e 12
(0.48P 12360, 0F0ELTA RoP2¢BVIRGLIZ)/HMVIRG(2)Y) oC12
PRINT COMMENT $6 NUMER{CAL SOLUTIUN UNSTABLE, cXECUTIUN
TERMINATED § vall3
SYSTEM, o014
OTHERWISE Q15
PRINT COMMENT $6 NUMEF JCAL SOLUTICN ASSUMED STABLE *dl6
END OF CONDITIONAL *J17
CON* RHO/1Fe360.90.49P1+0ELTA R .F, 20 018
PRINT RESULTS CON » 19
DEL PMi= P1/180. 820
THROUGH INXy FOR T=20,141466367 )21
XIN{T)=PEAK®*SIN. (PHI) #2222
PHl=s PHI+ DEL PHI 023
0)24
THROUGH VIRGIN,FOR [=241,1.G.19 0225
OOUBLE.{ 1) s26
Lif)==] *027
o028
R WHEN Le~-1, K2 OCCURS AT THE UPPER KRIGHI ENC CF
R THE HYSTERESIS CURVE.rHEN L=+,, X232 QCCURS AT
R THE LOWER LEET END.
I=18 *329
T=( a3
Q31
WHENEVER 1.E.18 332
Hi{lel)sXINIT) »C3)
(4] "’.TERPOO‘O HI.VCM.XCAL.Z;U!I)'3.I) 3134
WHENEVER MHITI).G.1E2,s TRANSFER T2 FIND H2 035
8 PREVII+1l)s=sB(le]) *J36
BlI4L)sTERPOLIXINITOL) XCAL,YCLLs2oM(Le1),2,i%)) o037
OETL.(Ie1) *)38
o3y

END OF CONOILTIONAL

1§



Fint H1

'\:‘l

#

AHENEVER [,T,,2 0047

HCLI=1 1 =VERPOL (B ([=1),YCAL 4 XCALy2,M(L-1),3,1~1) g4l
WHENC VEX H(Il-11 .G. LE29, FRANSFER VO FIHC H1 04l
END OF CONCITIONAL o4l
BPREVII)I=B(1) *l 4%
WHENLVER [.Co2 8045
BULP={CONS(H{T¢L otl, ¢(8./7¢2.0((=2)))01=-2.a0H(1) °Chb
ARIT1) o .~ (La/(2.0{1=2)30}) } ¢ BI) Q4L
CTHERWISE .07
BEUb=s {2.eCUNs{M{IsL)~KIT)) } ¢ 801} A&
END OF CONDITIONAL 549
DETLL LT ' 2052
WHENEVER FLAG.F.1 »051
JEEYa(H{R)=H{T1+1)})/(DELTA R » 0.4 » P{) )52
WHENFVER Z,E:3, 3 SQUIY=J SQtINe(1).PL2 "5}
WHENEVER [ Eel  JAND. ToEeC, EXECUTE CQUTPUT. 154
en OF CONDITIONAL 2055
NHENEVER !.GE.3 54
RHEMEVER N G.ll JAND. FLAG.NE.D ANCe [ E.Y5, YXECUTE STATE,
T *058
TRANSFER (G. LCOP *059
ENG (0F CONDITICNAL %060
WHENEVER (T.E.0 OR, T.Fe90 OR. T.E.18U .OR. T.E.272) .AND.
FLAGANE.Ly PRINT RESULTS NeT Bl2)eeaBI19) =Chl
WHENEVER FLAG.Eoly PRINT RESULYS N,T,B{2)...8(1%}) 262
Tal+} #5364
OFHERWESE * 065
e 0066
N=N4 1 2067
WHENEVER Z.E.D,2=1} *CHB
WHENEVER FLAG.E.134220 LIS
WHENEVER FLAG.E.13,FLAG=] s07)
END OF CONDITIONAL 371
twig o072
PHANSFER 0 LOGP *073

tNIEANAL FUNCTION *STATE.' DETERFMINEC WHEN STEADY
STATE CONDITIiONS HAVE BEEN ACHIEVEC.

INTERNAL FUNCTIUN oC14
ENTRY TQ STATE, 2375
MHENEVER ToEeD *376
WHENEVER +ABS.(B CKILI~Bill)elao " B8S.(CONVGeBIT)), FLAG=1O

B CK{1)=8(]) (ro78

UK WHENEVER T.E.93 ’ o579
WHENEVER JABS (B CK{2)-B(I))olL..ABS.(CONVGeBLI)) AND.
FLAG.EWL1Dy FLAG =11 «080

B CR(2)=8(I) LI RY

OR WHENEVER TY.E.180 0§82
WHENEVER ABS. (B CK{3)~BII)).L..ABS.({CONVG»B(])) +AND.
FLAG.Eally FLAG=)2 *083

8 CKtI)=Bt ) 12084




POMWER

HYSTRS

LOSS

TQTAL 1

TOTAL 2

b )
a

1

1

bt WHENEVFR T,.£,270 205
WHENEVLY JABS. (B CK{GV=B(!)). L. . ABS.cCUNVGELT) ) (AND.
FLAG.EWLZ .
FLAG=13 .333
VRINT COMMENT $6 STEADY STATE ACHIEVED ATS «C8Y
MINUTE=CLOCK, (C)-CLOCK © 289
PRINT RESULTS MINLTE, Ny 1 %061
FRINT COMMENT $6% «0% i
END CF CONDITLICNAL 0097
8 CK(‘OI‘B(I) D73
END DF COND‘YIONAL .3q4
FUNCTION RETURN 2095
END UF FUNCTION “GQL
R INTERNAL FUNCTION *GUTPUT.' DEVERMINES AND PRINTS
R HYSTERESLS AND EDOY CURRENT LOSSES.
INTERNAL FUNCTION 8097
INTEGER LO X, HI X *098
ENTRY TO OUTPUT. 099
THROUGH POMER, FOR I=24141.G.18 %100
PHR EDY(I)oRHOe(1.E-8)elJ SQ(11/360.)s »101
(DELTA R.,P.2)e2 . 0P1a(]~1.5) »l01
el02
L0 X=6 »103
HI X= M{{}=5 0104
THROUGH L0OSSe FOR I22,2,1.6.19 ¢105
DELTA HUI)s +ABS.{XCAL{1,L0 X) - XCAL{],M! xa)rloo. 106
TAROUGH HYSTRS, FOR XPCINTa .ABS.(XCAL(1,LO X))y~ -DELTA HUL), o
XPOINT L. ~1.v AB5. {4CALCI,HT X)) 4107
DELTA B2, ABS. (TERPO. (XPOINT XCAL ;¥YCAL 2, M{T)4241) ¢ 2108
TERPOL=XPOINT , XLALYCAL 2o MUT) 02,10 ) o108
SUM OEL(IYw SUM DELIT)e DELTA 8 109
' 110
PWR HYS{I1=DELTA HI[)eSUM DELLL)aFe{]-1.5)e «111
(DELTA RP2VZ{2.EM) #111
0112
THROUGH YOTAL 1y FOR [=2241,1.6.18 #113
TOT EDY=TOT EDY ¢ PWR EDYI(I) sllék
115
THROQUGH TOUTAL 2, FOR I=3,1,1.G.18 ellb
TOT HYS= TOT HYS+ PWR HYSI{]) ell7
*118
TOT HYS= TOT MHYS5+0.50{PwR HYS(2)¢PwR HYS(19)) o119
TOT PWR = TOT MYSe TOT EDY »129
PRINT COMMENT $2 FINAL RESULTS § 121
PRINT RESULTS PWR EDY{2)e.oPWR EOY(18)y PWR HYS{2)seoPWR HYS(19),
TOT EDY, TOT HYS, TOT PWR 0122
SYSTEM, *]23
FUNCTION RETURN #1264
END OF FUNCTION ®12%



4

K PV xNAL FURNCTIUN *TEKPLLY PERFLARMS A LaifhikaRr

e [RIERPLLAVION (70 A LIST.
4 X IS THE INDEPENDENY VLRIADLE
H AT 1S THE NAME OF THE LI1LT CF INCEPENGCENT VARASLES
- YI IS THE NAYE QF THE LIST OF CEPLNUENT VBRJAWLES
@ LOLIM IS5 THE LOWER LIMIY OGN THE INCLE
" CEOIM S THE UPPER LEIMITYT ON THE INDEX
R URDEK 15 THZ INDEX CMN LOADING
i FIXVL 0% THL yaiUD OF THE FIXED sSUBSCRINT
I i1 S Inat JGTERPULATED DEPENUENT VARIAGBLE
i Frr, Vel ik W)
TNTERNAL FUNCTION (X o XV, YTt CLIMWHILIM, URLCER,F1Xc ) al?
RIMENSION XUSELTO)»YUSELTC) 2122
INTEGER LiIHLIM,HILIM;0R0ER  FIXEDZC0Q+GL 206Q w129
ENTRY YO TERPO. 12
SHENEVYER ORDER.E.C €137
SIRPLOH N1, FOR QelLOLIM24QaG.HiLIM s} 3,
AYSELQI=XT Q) w130
. YUSE(QIaYT(Qi a4
IN L *12e
OR WHENEYER URDER.E.2 0R., UROER.F.] 2]13%
THAOULK IN2y FOR Qe OLIMe, 9Q-G.HILIN LTS
XUSE(R )= XT(FIXED Q) 0117
YUSE{QI=YTL{FIXED,O) 8358
Iy 2 ' al3y
DVHERBISE 14
PRINT COMMENTSGnens ERRCK RETURN FRU+ ORDERS ®l&]
ERKOKR. : . #1472
END OF CONDITICNAL 8] 43
Q= {LOLIMeN]ILIMI/2 al4s
QO=IXUSEIHILIMI-XUSE(LOLINM)I )}/ ABS i XUSECHILIM)-XUSEILOLINM;)
WHENEVER XUSEIQ).l.2X ERET
Gl == ayled
T WNEHEVSE FUSsid)a0eX 4l«8
T LR
SirERWISE 2157
FUNCTION RETURN YUSE(Q) *15i
END OF CUND TIONAL 152
oy, e153
WHENEVER QeoeHILIM JOR, {JelL.LOLIM 4154
HKHENEVFR QRDER F.3 JLAND. NMIFIXEN}.NE.58 ¥} 54
PRINT LOMMENT $C LOLIM OR MILIM HAS BEEN EXCEEDED. 14595
1 INTFRFOLATION witL CONTINUE CN THE VIRGIN CURVE. $ #1586
PRINT RESULTS XUSE(LGLIMI» XUSE(RILIM) o XobyNoT 157
TOLSLL S LFIXEQ) ¢]154
OTMETHESFE X
PLiRNT COMMENT sess ERROR RETURN FRUM QFf 01 6)
VRANSFER TO QuT LY -
ENP OF CCNDITIONAL el62

FUNC/ION RETURN 22833 163



-JS.‘

(iR WHENFVER JABS. GQWNELI elbe
GRINT COMMENTScese CRROUR HRETURN FRCM Q3 a165

ourT PINT RESULTS LOULIM HILIM,XUSE(LCLIM) yXUSEIHILIM),Q,XUSE(QD,
1 X:GLyORDER,QQ,FIXED,V(FIXEC) *166
ERROR . 2167
END OF CONDIVIONAL sl¢8
WHENEVER XUSEIQI.L.X 1469
WHENEVER GL.L.0 017
Q=020 «171
TRANSFER TO TEST 172
CTHERWISE 173
TRANSFER T0 COMP o174
END UF CONDITIONAL 175
UR OWHENFVER XUSE(QYeua¥X #1176
WHENEVER 51 .5.0 o177
J=Q~00 o178
TRARSFER U YEST 2179
CTHERWISE »180
IRANSFZR TO COMP e18]
END OF CONCITIONAL *182
OTHERWISE *183
FUNCTION RETURN YUSE(Q) °184
ENU UF CONDITIONAL *18%
come »186
GU=0+QQeGL «187
FUNCTION RETURN YUSE(Q)+({X-XUSE(Q))+(YUSE({GQI-YUSE(Q))/ #1088
1 {XUSE(GQI-XUSE(Q1)} 188
ENC OF FUNCTION 189

2 [NTraNAL FUNCTION *DOUBLE.* LOADS TRE VIRGIN Cudvt

] INYG THE XCAL,YCAL ARRAY IN BOTH FIRST AND THIRD
B QUADRANTS. .

INTERNAL FUNCYION (FIX) »1460
INTEGER FIX,V o191
ENTRY TO DQUBLE. e192
Ks2 #3193

THROUGH VRG 1, FOR V=2,14VaGe58 »] 94
WHENEVER Vele3do 195
XCALLFIX JV)s=lenVIRG(K) *196
YCALIFIX  ,V)s=1leBVIRGI(K) 197

K=K+l 0198

OR WHENEVER V.GEs U *]199
XCAL(FIX HVIaHVIRG(K) 0202
YCALIFIX oVISBVIRGIK) 2231

K=K~1 ‘ 0202

END OF CONDITIGNAL 0203

VRG 1 8204
MIFIX =58 o238
FUNCTION RETURN 0206
END OF FUNCTION 0207
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K INTERNAL FUNCLYION DETL.

zTx X

DETL. COMPARES THE CURRENT VALUES CF B
BSAI1 AND HSAY., JT RETURNS THE CORRECT MINUR LCOP
IN XCAL,YCAL. THIS MINOR tOOP wilLL HAVE 8 4B

AND H

WNITH

AS ITS

A VERTEX, AND THE VERTEX WILL LIE CN THE VIRGIN CURVE.

R DETL. VERSIUN 4C

INTERNAL FUNCTION (INODEX)

2208
INTEGER KoL M, INDEX «209
DIMENSTION HTRANS(44) BTRANS{44) (P
ENTRY TU DETL. «21i

mHENEVER LEinDEX)#BLINDEX)LE. L{INDEX)®B PREVIINLEX),
LOINOEX ==L { INDEX) FUNCTION RETURN ¢  #213
BUEFF=2,ABS.8 (INDEX) 2214
WHENEVER BREF.LLLIBSAT/1.2.)y FUNCTION RETURN 8215
HREF=,ABS.H { INDEX) 2216
FUINDEXY 244 w217
WHENEVER BREF,GE.RSAT *218
THROUGH BACK ), FOR Kz22,)1,K.G.04% «2 13
YCALUINDEX K)=sBDATA(K) oL INDEX) w225
XCAL{INDEX +K)=HDATA(K )} ot t INDEX) «221
BaCK 1 0222
FUNCTION RETU®GN 221
END OF CONDITIONAL *224
HMAJ=TERPO.(~-BREF ,BDATA,HDATA,2,44+0,0) *225
HFAC=2#HREF/ {HREF+.,ABS .HMAJ) 1226
THROUGH TEBN 1,00R Ka2,1 Kk 5404 +227
HTRANSIK)={HOATA{K)+NREF)eHFAC-HREF 028
TRAN 1 229
IMadze FERPO.(HREF JHTRANS BDATA,2,44,0,3) *233
BFACx2eQREF/(BREF+.ABS.8MAJ) 221
THROUGH TRAN 2, FOR K24l oKuG.44 w232
EYRANSIK )= (BDATA(K )} +BREF )sBFAC-~BREF L& N
TRAN 2 LA
THROUGH BACKZ2, FOR K22,1)K.G.%4% 0?35
XCAL{INDEX K ) =HTRANSIK) oL { INDEX) 0236
YCALCINDEX K ) =BTRANS(K) s { INCEX) »237
BACK 2 ' *238
FUNCTION RETURN e239
END OF FUNCTION 024,
END OF PROGRAM 8241
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